Abstract. -The phase transformations i n T i 5 o N i 5 o-xFex a l l o y s have been s t u d i e d by means of e l e c t r i c a l r e s i s t i v i t y measurement, d i f f e r e n t i a l scanning calorime t r y (DSC), d i l a t o m e t r y , observation of shape changes, o p t i c a l microscopy, transmission e l e c t r o n microscopy (TEM) and e l e c t r o n d i f f r a c t i o n . During cooli n g , t h e e l e c t r i c a l r e s i s t i v i t y r a p i d l y increased a t M & ( s t a r t i n g temperature f o r t h e p a r e n t t o i n t e r m e d i a t e phase transformation) and then reached maximum a t Ms ( s t a r t i n g temperature f o r t h e intermediate t o m a r t e n s i t e phase t r a n s f o rmation). M's and Ms corresponded with temperatures of abrupt r i s i n g of two exothermic peaks and two breaks i n DSC and thermal expansion curve on cooling, r e s p e c t i v e l y .
by means of e l e c t r i c a l r e s i s t i v i t y measurement, d i f f e r e n t i a l scanning calorime t r y (DSC), d i l a t o m e t r y , observation of shape changes, o p t i c a l microscopy, transmission e l e c t r o n microscopy (TEM) and e l e c t r o n d i f f r a c t i o n . During cooli n g , t h e e l e c t r i c a l r e s i s t i v i t y r a p i d l y increased a t M & ( s t a r t i n g temperature f o r t h e p a r e n t t o i n t e r m e d i a t e phase transformation) and then reached maximum a t Ms ( s t a r t i n g temperature f o r t h e intermediate t o m a r t e n s i t e phase t r a n s f o rmation). M's and Ms corresponded with temperatures of abrupt r i s i n g of two exothermic peaks and two breaks i n DSC and thermal expansion curve on cooling, r e s p e c t i v e l y .
The shape changes during h e a t i n g and cooling f o r Ti50Ni47.5Fe2.5 were devided i n t o two s t e p s . Correspondingly, two kinds of s u r f a c e r e l i e f were d
i s t i n c t l y observed. In t h e p a r e n t t o i n t e r m e d i a t e phase transformation, i t s metallographic f e a t u r e e x h i b i t e d t h e thermoelastic n a t u r e .
In e l e c t r o n d i f f r a c t i o n , many e x t r a r e f l e c t i o n s occured c l o s e t o one-third and one-haef p o s i t i o n s of t h e B2 r e c i p r o c a l l a t t i c e on cooling. A s an intermediate s t a t e , t h e needle shaped domains with l/3B2 e x t r a s p o t s were observed i n e l e c t r o n microscopy.
Judging from morphology and temperature range of t h e s t r u c t u r a l change, t h e s e domains coincided with t h e s u r f a c e r e l i e f of t h e p a r e n t t o intermediate phase transformation i n o p t i c a l microscopy.
The c r y s t a l s t r u c t u r e , i n t e r n a l d e f e c t s and morphology of m a r t e n s i t e s were a l s o described. A s an app l i e d i n v e s t i g a t i o n f o r development of p r a c t i c a l use of TiNi a l l o y s , t h e drast i c r e v e r s i b l e shape memory (RSM) e f f e c t a s s o c i a t e d with t h e two-step transformation was found t o be obtained by a constrained aging i n N i r i c h TiNi a l l o y s .
Introduction.-Recently, t h e p r a c t i c a l a p p l i c a t i o n s of shape memory e f f e c t s have been developed not only i n t e c h n o l o g i c a l b u t a l s o medical and d e n t a l f i e l d s . TiNi a l l o y i s one of the most e x c e l l e n t shape memory m a t e r i a l s . This a l l o y e x h i b i t s unique p h y s i c a l p r o p e r t i e s , depending on t h e composition and t h e h e a t treatment. By complete and incomplete thermal c y c l e s , Ms f a l l s and t h e intermediate phase with rhombohedra1 d i s t o r t i o n appears between p a r e n t [B2] and m a r t e n s i t e phase [monoclinic I . In t h i s temperature range, t h e e l e c t r i c a l r e s i s t i v i t y remarkably i n c r e a s e s on cooling.
M b i s defined a s t h e temperature a t which e l e c t r i c a l r e s i s t i v i t y increase s on cooling. These phenomena include d i f f u s e s c a t t e r i n g s t r e a k s , e x t r a d i f f r a c t i o n s p o t s a t l / 3 and 1/2 p o s i t i o n s of t h e B2 r e c i p r o c a l l a t t i c e , t h e i n t e n s i t i e s of which i n c r e a s e on cooling.
When N i atoms a r e s u b s t i t u t i o n by Fe atoms, ,yL and Ms a r e c l e a r l y separated [ l l . Therefore i t i s s u i t a b l e t o use TisoNisa-xFex f o r t h e synthesized i n v e s t i g a t i o n of phase transformation i n t h e TiNi a l l o y , e s p e c i a l l y t h e p a r e n t t o intermediate phase transformation. The p r i n c i p a l purpose of the p r e s e n t work i s t o i n v e s t i g a t e t h e r o l e o f t h i s transformation f o r t h e shape memory e f f e c t and i t s metallographic f e a t u r e s , and t o c l a r i f y t h e d r a s t i c RSM a s s o c i a t e d with twos t e p transformat ions.
Experimental procedure.-Sample p r e p a r a t i o n and specimens f o r o p t i c a l and e l e c t r o n microscopy have been r e p o r t e d i n our previous papers [ 1 , 2 ] . The determinations of transformation temperatures were made'hy t h e e l e c t r i c a l r e s i s t i v i t y measurement and DSC. Thermal expansion was measured by a d i f f e r e n t i a l d i l a t o m e t e r using r e f e r e n c e sample o f q u a r t z rod.
Specimens f o r shape change experiments were i n i t i a l l y formed i n t o a U-shape i n a s t a i n l e s s pipe and then memorized i t s shape f o r 1.8ks a t 773K, f i n a l l y quenched i n t o i c e water.
To observe t h e shape change behaviour, t h e followi n g method was accepted [ 3 1 , t h e U-shaped specimen was n e a r l y s t r a i g h t e n e d by hand i n t h e mixture of ethanol and dry i c e a t about 170K, and then warmed up i n t h e above mixture, while t h e shape change was monitored o p t i c a l l y and e l e c t r i c a l r e s i s t i v i t y was measured.
The e l e c t r o n microscopic observation was c a r r i e d out with JSEMZOOB o p e r a t i n g 200KV and f i t t e d a s i n g l e t i l t i n g c o o l i n g device.
Generating procedure of RSM w i l l be decribed l a t e r .
Dilatometry and shape change behaviour.- Figure 2 shows thermal expansion of TisoNi47.sFe2.5.
A 1 i s t h e d i f f e r e n c e of expansion o r c o n t r a c t i o n between specimen
and reference sample, and 1 i s t h e length of a specimen. In TisoNi47. sFe2 . s , gradu a l c o n t r a c t i o n s t a r t s a t Ms' and then severe expansion occurs a t Ms on cooling.
It seams-t h a t t h e s e r e s u l t s correspond t o t h e p a r e n t t o intermediate phase transformat i o n with rhombohedra1 d i s t o r t i o n and m a r t e n s i t i c transformation, r e s p e c t i v e l y .
The r e v e r s i b l e changes occur during h e a t i n g . Transformation temperatures coincide with e l e c t r i c a l r e s i s t i v i t y changes and DSC r e s u l t s . Figure 3 shows t h e shape change behaviour and corresponding e l e c t r i c a l r e s i s t i v i t y v s . temperature curve f o r Ti50Ni47.5Fe2.
The e l e c t r i c a l r e s i s t i v i t y d i d n o t change during s t r a i g h t e n i n g specimen. I t means t h a t t h e specimen have been transformed t o m a r t e n s i t e . The r e -
Experimental r e s u l t s and discussion.
I n Figure 1 broken and s o l i d l i n e s rep r e s e n t e l e c t r i c a l r e s i s t i v i t y versus temp e r a t u r e and DSC curves, r e s p e c t i v e l y , f o r Ti5 o N i 5 -xFex. W e defined t h e i n d i c a t i o n s of transformation temperature [ l l , a s shown i n F i g . l ( b ) . The e l e c t r i c a l r e s i st i v i t y decreases l i n e a r l y , and then begins t o i n c r e a s e a t M's on cooling. A t MS t h e -temperature. E l e c t r i c a l r e s i s t i v i t y beg i n s t o a b r u p t l y i n c r e a s e a t As ( s t a r t i n g temperature f o r r e v e r s e transformation of 5 m a r t e n s i t e t o intermediate p h a s e ) , and decrease a t A's ( s t a r t i n g temperature f o r r everse transformation of intermediate t o p a r e n t p h a s e ) , i n r e v e r s e transformation on h e a t i n g . The temperature d i f f e r e n c e of As and A', i s narrow i n the specimen cont a i n i n g low concentrations of Fe atoms. Therefore, a s i n g l e peak appears on heating i n DSC curve f o r T i S 0 N i b 8 .
~F e 1 .~. AS Measurement of transformation tem~eratin-e.-
Fe atoms i n c r e a s e , s e p a r a t i o n of As and A's Fig.1 DSC and e l e c t r i c a l r e s i s t i v i t y vs-becomes c l e a r e r a s shown i n F i g . l ( b ) . The temperature curve f o r TisoNiso-xFexthermal h y s t e r e s i s i n t h e p a r e n t t o i n t e r -( a ) X = 1 . These r e s u l t s coincide w i t h e l e c t r i c a l . r e s i s t i v i t y d a t a . The former transformation a l s o has small thermal h y s t e r e s i s , which i s c l e a r i n DSC and e l e c t r i c a l r e s i s t i v i t y curve f o r TisoNiqsFes. 
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o n s t a n t value above A's during heating. During cooling, c l e a r two-step shape change occurs.
From t h e s e r e s u l t s , t h e p a r e n t t o intermediate phase transformation c o n t r i b u t e s t o shape change, e s p e c i a l l y i n RSME, which a r e c o n s i s t e n t with t h e another i n v e s t i g a t i o n [31. O p t i c a l microscopy r e s u l t s . -The t y p i c a l examples of o p t i c a l micrographs observed f o r Ti50Nik7. 5Fe2 . 5 a r e shown i n Figure 4. The s u r f a c e i s f l a t i n p a r e n t phase a t about 304K, except f o r e t c h p i t s and i n c l u s i o n s , a s shown i n F i g . 4 ( a ) .
A s t h e temp e r a t u r e decreases, a straight-banded r e l i e f g r a d u a l l y appears.
S t a r t i n g temperature f o r t h i s s t r u c t u r a l change coincides with M I s .
On f u r t h e r c o o l i n g , the banded r egions expand i n h o r i z o n t a l and l o n g i t u d i n a l d i r e c t i o n s , and t h e i r c o n t r a s t s become c l e a r e r . A t near 2 8 5 K corresponding t o A ' f , t h e banded r e l i e f suspends growth, a s shown i n F i g . 4 ( b ) . These bands c o n s i s t of a p a i r of l i g h t and dark c o n t r a s t s , and t h e l i g h t and dark bands a r e twin-related two v a r i a n t s of intermediate phase.
Upon f u r t h e r cooling, t h e s u r f a c e r e l i e f f o r m a r t e n s i t i e app e a r s a t M s .
Its morphology i s s i m i l a r t o t h a t of mart e n s i t e i n TiNi.
Reverse transformation occurs on subsequent h e a t i n g . F i r s t , m a r t e n s i t e r e l i e f completel y d i s a p p e a r s a t 296K, and then straight-banded r e l i e f disappeares a t 306K. On t h e second thermal c y c l e , s t r a i g h t banded r e l i e f has a complete m i c r o r e v e r s i b i l it y b u t m a r t e n s i t e r e l i e f does n o t , a s shown i n Fig.4  ( d ) . These r e s u l t s suggest t h a t t h e p a r e n t t o intermed i a t e phase transformation should be considered n o t a s a premonitory b u t a s an independent phenomenon.
Electron microscopy r e s u l t s .
-The s e r i e s of d i f f r a c t i o n p a t t e r n s taken from t h e t h r e e most densely recipro- I t i s due t o domain e f f e c t s , which w i l l be described l a t e r . On f u r t h e r cooling j u s t above Ms temperature, t h e 1/2 e x t r a s p o t s emerge i n [001]B2 and [ l l l ] B 2 zone a x i s , a s shown i n F i g . 5 ( i ) and ( n ) , b u t t h e s e s p o t s can n o t be observed i n [1101 B2 zone a x i s . The a l l p a r t s of specimen d o n ' t always transform i n above sequence.
Appearance of 1/2 e x t r a s p o t s is n o t frequent. A t l a s t , t h e m a r t e n s i t e s p o t s come
o u t under t h e Ms temperature, a s shown i n Fig. 5 ( e ) , ( j ) , and ( 0 ) . These and some o t h e r d i f f r a c t i o n p a t t e r n s taken from m a r t e n s i t e phase can be indexed using t h e l a tt i c e parameters given by Otsuka e t a l . [41. The c r y s t a l s t r u c t u r e is described a s of d i s t o r t e d B19 o r modified 2H type with a monoclinic u n i t c e l l . Therefore t h e presence of intermediate s t a t e has l i t t l e i n f l u e n c e on t h e c r y s t a l s t r u c t u r e of martens i t e . The i n t e r n a l d e f e c t s a l s o coincide with those of TiNi m a r t e n s i t e [ 2 , 4 ] . The b r i g h t f i e l d images i n Figure 6 ( a ) t o ( e l , correspond t o t h e d i f f r a c t i o n p a t t e r n s taken from [llOIB2 zone a x i s i n Fig.5ia ) t o ( e l , r e s p e c t i v e l y .
Electron micrograph a t about 320K proves t h a t t h e specimen a r e s i n g l e phase of B2 s t r u c t u r e a s shown i n ~i g . 5 ( a ) and 6 ( a ) . On cooling t o room temperature, an obvious change i s n o t observed i n b r i g h t f i e l d image a s shown-in F i g . G ( b ) , b u t f i n e i r r e g u l a r domains a r e observed i n dark f i e l d image using 1/3110 e x t r a ' s p o t .
On f u r t h e r cooling, needle shaped domains a r e observed with l / 3 1 i l~2 r e f l e c t i o n , a s shown i n ~i g . G ( c ) . I t seems t h a t t h e s e two phenomena correspond t o t h e incommensurate and commensurate rhombohedra1 phase, r e s p e c t i v e l y , which a r e r e p o r t e d by Wayman e t a l . [ 5 ] .
An intermediate product appearing w i t h 1/2B2 e x t r a s p o t s i n [1113B2 and 10011B2 zone a x i s e x i s t s t o g e t h e r needle shaped domain i n very few i n s t a n c e s .
I t s morphology i s i n d e f i n i t e shape and m i c r o s t r u c t u r e i s not c l e a r i n dark f i e l d Image, using 1/2B2 e x t r a s p o t s . According t o morphology and temperature range of appearance, needle shaped domains coincide with t h e s t r a i g h t banded r e l i e f i n o p t i c a l micrographs. A s t h e temperature more dec r e a s e s , t h e image of t h e needle shaped domains and i n t e n s i t y of l / 3 l i l~2 r e f l e ct i o n s become s t r o n g e r , and then m a r t e n s i t e phase appears a c r o s s t h e needle shaped domains, a s shown i n F i g . G ( e ) .
R S M i n N i r i c h TiNi obtained by constrained aging.-In N i r i c h TiNi, it is known t o p r e c i p i t a t e second phase p a r t i c l e s and e x h i b i t two-step transformations behaviour by means of aging [61. Several generating methods of RSM have common p r i n c i p l e s i n r e s p e c t of introducing i n t e r n a l s t r e s s f i e l d i n t o p a r e n t phase. Therefore, it i s very l i k e l y t h a t above p r e c i p i t a t i o n s g e t i n t e r n a l s t r e s s f i e l d . Ribbon specimens (3 x 0.2-0.5 X 90mm3 ) of Ti49Ni51 (MS = 175K) were prepared by cold work, which were homogenized a t 1073K f o r 7.2ks i n an evacuated q u a r t z and quenched i n t o i c e water. They a r e bent i n a c i r c u l a r form and f i x e d by copper pipe a s shown i n Figure 7 ( b ) , and then which a r e h e a t t r e a t e d a t 573 -873K. F i g . 7 ( c ) t o (x) show spontaneous and r e v e r s i b l e shape changes i n Tik9Ni51 generated by constrained aging a t 573-873K f o r 3.6ks.
I n t h e case of aging a t 573K, R S M occurs, b u t it i s r e v e r s e phenomenon i n r e s p e c t of one-way memory.
On aging a t 673K and 773K, t h e specimens r e v e r s e themselves between Af' and M f , i . e . t h e curvature t u r n s upside down, a s shown Fig.7 ( i ) t o f n ) and (0) t o ( t ) . I t i s noteworthy t h a t a l a r g e amount o f shape change t a k e s p l a c e even i n t h e p a r e n t t o intermediate phase transformation.
On aging a t 873 K, t h e RSM does n o t occur because of a s i n g l e phase.
The c h a r a c t e r and capacity of R S M a r e markedly v a r i e d by aging condition, i n i t i a l constrained s t r a i n and composit i o n . Banded c o n t r a s t s show m a r t e n s i t e s and small i r r e g u l h r p a r t i c l e s a r e second phase i n F i g . 8 ( a ) . Morphology of m a r t e n s i t e i s d i f f e r e n t from t h a t of s i n g l e phase, a s shown i n F i g . G ( e ) . F i g . 8 ( b ) shows e l e c t r o n d i f f r a c t i o n p a t t e r n taken from Fig.B(a) . It i n d i c a t e s t h a t t h e p a r e n t , intermediate and m a r t e n s i t e phase c o e x i s t . The l/3B2 e x t r a s p o t s derived from intermediate phase a r e observed along only one (110) d i r e c t i o n .
It means t h a t t h e v a r i a n t of intermediate phase a r e arranged along a p r e f e r e n t i a l o r i e n t a t i o n by t h e i n t e r f a c i a l s t r a i n s between t h e m a t r i x and t h e prec i p i t a t i o n s .
These r e s u l t s suggest t h a t t h e transformation behaviour and t h e morphology of intermediate and m a r t e n s i t e phase i n N i r i c h TiNi a r e a f f e c t e d by second phase p a r t i c l e s , which haveenough i n t e r n a l s t r a i n f i e l d s t o generate RSM.
